A new age is dawning in X-ray fluorescence spectrometry with the advent of 3 rd -generation synchrotron radiation, especially undulator radiation in the X-ray region. Not only a brilliant source, but also a high-performance spectrometer is indispensable to realizing advanced analysis, which has been almost impossible so far. The present paper describes experimental feasibility tests of a Johansson-type spectrometer performed with monochromatic undulator radiation at SPring-8. A Ge (220) analyzing crystal (Rowland radius 350 mm) and a NaI:Tl detector with a 0.15 mm receiving slit were employed. The energy resolution obtained is 8eV for Cu Kα 1 line (8.04 keV), and is sufficient to separate signals from unnecessary scattering and other fluorescent X-rays. The resonant X-ray fluorescence spectra were obtained in a reasonably short time as well. Further optimization of detection efficiency is now under way for application to trace systems.
Introduction
The advent of synchrotron radiation (SR) has enabled great progress to be made in the field of X-ray fluorescence (XRF). 1) Chemical characterization of trace elements localized in just a small area or on the surface of materials is a powerful tool in practical analytical applications. So far, a Si(Li) detector has been employed in most cases because of its high efficiency, while a wavelength-dispersive detection system with an analyzing crystal has tended to be used for measurements that require high-energy resolution. [2] [3] [4] Recent 3 rd -generation SR, especially undulator radiation in the X-ray region is characterized by extreme brilliance and the intensity at the sample position is 10 3 -10 4 times higher than that of conventional SR from the bending magnets 5) . As this new ultra-brilliant beam enables us to enhance weak signals, which have been formerly hard to detect, further progress with the XRF technique can be expected. However, not only a brilliant source, but also high-performance spectrometers and detectors are indispensable to realizing advanced analysis. Especially with ultra trace systems in biomedical or environmental samples, if a conventional Si(Li) detector is used, weak fluorescent X-ray peaks are sometimes found beneath the tails of the strong scattering background emitted from the low-Z matrix. Saturation of the detector system could be a big problem as well.
Therefore, sufficient energy resolution is required for advanced XRF applications, and that the detection efficiency is also important and should be at least higher than that of generally used crystal spectrometers. In this study, the performance and feasibility of a Johansson-type curved crystal spectrometer were tested. Figure 1 shows a schematic drawing of the spectrometer designed and assembled at the National Research Institute for Metals, Tsukuba, Japan. A vacuum chamber is used to reduce scattering from the air along the X-ray path around the sample (S), which stands vertically and is mounted on the XYZ translation and rotation stages. An analyzing crystal (C) is placed perpendicular to the incident X-ray beam so as to reduce scattering background by making full use of the polarization of the undulator radiation.
Design of the spectrometer
The three points, S, C and the receiving-slit (RS) are on the Rowland circle of the radius R to satisfy the focusing condition. In the present study, a Johansson-type curved crystal is used, that is, it is bent to a radius 2R and the surface is ground to a radius R. Instead of the normal θ/ 2θ coaxial goniometer, the Seemann-Bohlin geometry equipped with several linear stages (a linear spectrometer) is usually employed. 6) Although most of such linear spectrometers reported so far have bars to link S, C and RS mechanically to the center of the Rowland circle (O), the present design adopts a simpler and more flexible structure. It is possible to maintain the Rowland circle configuration by controlling the positions of C and RS by three linear stages (I, II, and III) and a 1-axis goniometer (IV). 7) In this case, no mechanical component is necessary at position O. The advantage is the ease of fitting various crystals with different Rowland radii.
When symmetric reflection is used, t he positions of S, O, C, and RS can be expressed by assuming an appropriate coordination system: S (0, 0), O (Rsinθ, Rcosθ), C (2Rsinθ, 0), and RS (2Rsin2θcosθ, 2Rsin2θsinθ), respectively. Therefore, C moves straight by stage I and rotates to the angle θ by the goniometer IV, while RS moves to the calculated coordinates by stages II and III. A slider (SD) is used to maintain the orientation of the RS, so as to place the aperture exactly on the X-ray path at any angle. For further fine alignment, the spectrometer has additional small linear stages for C and RS. Rotary encoders monitor the absolute displacement of each stage.
XRF experiment with undulator radiation at
SPring-8
The experiment was carried out on undulator beamline BL-39XU at SPring-8, Harima, Japan. Undulator radiation was monochromatized by a Si(111) rotated-inclined double crystal monochromator, and higher-order harmonics were rejected with a single, flat platinum-coated mirror at a glancing angle of 5 mrad. The width of the entrance silt of the chamber was 0.2mm, and the beam size at the sample position was 0.2(H) × 2(V) mm 2 . A Johansson-type Ge(220) analyzing crystal (CRISMATEC, France) with a Rowland radius of 350 mm was employed. The intensity of fluorescent X-rays was measured by a NaI:Tl scintillation detector with a 0.15 mm receiving slit. Some XRF spectra for several materials were measured. The experimental conditions are summarized in Table I . Figure 2 shows an XRF spectrum of Cu-Ta alloy powder. The sample is fixed on thin polymer tape, with the quantity being a few mg/cm 2 . Though the Cu Kα and Ta Lα lines are rather close and usually overlap in a spectrum obtained by a Si(Li) detector, they were observed as completely separate peaks. Even Cu Kα 1 and Kα 2 , or Ta Lα 1 and Lα 2 , were clearly separated. The present energy resolution is estimated as 8 eV at CuKα 1 (8.04 keV). It has been found that the present spectrometer fits well with the use of undulator radiation, and satisfactory resolution and intensity were attained even by monochromatic excitation, which is not fairly typical for wavelength-dispersive XRF. Figure 3 shows the XRF spectra of Cu foil (6 µm) measured as a function of i ncident X-ray energy around the X-ray absorption edge (8.96 to 9.02 keV). The near-edge absorption spectrum, which provides information on the chemical state of the elements, is obtained by measuring the total XRF yield. This time, not only the integrated intensity but also the spectral profile were obtained, and therefore more detailed information is available.
Faint peaks of X-ray Raman scattering are seen at 8.98 keV or lower energy. The XRF spectra excited near the absorption edge (resonance condition) have been studied from the viewpoint of a fundamental understanding of Xray emission and the electronic structure. 8) In summary, the present Johansson-type curved crystal spectrometer is feasible and promising for XRF analysis with monochromatized undulator radiation. The energy resolution is much better than that of a Si(Li) detector, and is sufficient to avoid the overlapping of the low-energy tails of scattering X-rays. Although XRF intensity obtained in the present study is fairly strong because of the extreme brilliance of undulator radiation, further enhancement of the signal is necessary to measure trace systems. Optimization of the spectrometer for detection efficiency is currently in progress.
